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Abstract 
 
New data are presented for four Apollo 15 low-Ti mare basalts, two from the 
olivine-normative suite (15106, and 15555) and two from the quartz-normative suite 
(15475, and 15499).   Previous studies have examined the relationships between these 
groups on the basis of whole-rock chemistry, many with analyses that may have been of 
insufficient sample-size, or of limited range of elements analyzed.  To determine a 
relationship between these basalts, these samples have been analyzed for their mineral 
major-element and trace-element compositions by electron-microprobe and laser-ablation 
inductively-coupled-plasma mass-spectrometry, respectively. 
The trace-element compositions of the main silicate phases, olivine, pyroxene, 
and plagioclase, are consistent with both groups of basalts having a common parental 
melt and the groups being related by simple fractional crystallization processes rather 
than coming from different sources.  This observation is supported by similar radiogenic 
ages for the basalt groups and by petrogenetic modeling.  Distribution coefficients have 
been used to determine the parental and evolved melt compositions for these basalts.  
Also, an independent set of distribution coefficients has been determined from pyroxene-
melt relationships in sample 15499.  The calculated parental melts are similar to 
measured whole-rock compositions.  The calculated evolved melts are consistent with 
fractional crystallization of olivine.  From a trace-element perspective, these basalts 
appear to be from a single parental melt, and related by fractional crystallization of 5-
15% olivine. 
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I.  Introduction 
Petrologic and geochemical studies of mare basalts and highland rocks collected 
during the Apollo missions have shaped our present understanding of the Moon.  Mare 
basalt studies have revealed information on the timing of volcanism, magmatic processes 
occurring within the lunar mantle and crust, chemical attributes of lunar-mantle source 
regions, and, ultimately, the origin and evolution of Earth’s Moon (e.g., Taylor, 1975, 
1982; Taylor, Taylor, and Taylor, 2006).  Studies of these basalts have also revealed 
similarities and differences with basaltic magmatism that occurs on other planets, 
planetesimals, and moons (e.g., Ruzicka et al., 2001).  Indeed, for lunar petrologists, “the 
significance of these mare basalts far outweighs their relative crustal volume (~1%) and 
surficial extent (~17%)” (Head, 1976).  The advent of new instrumentation and analytical 
techniques has greatly improved understanding of mare basalt petrogenesis leading to 
more detailed models for lunar volcanism. This thesis applies recent geochemical 
advances to the study of Apollo 15 basalts, allowing a more refined model for their 
petrogenesis.  
At the Apollo 15 site, the low-Ti mare basalts have been subdivided into two 
distinct groups on the basis of their bulk-rock, major-element compositions.  Olivine-
normative basalts (ONB) possess higher FeO and TiO2 and lower SiO2 than quartz-
normative basalts (QNB) (pyroxene-phyric basalts of Dowty et al., 1973), which 
generally possess higher abundances of large-ion lithophile elements (Rhodes and 
Hubbard, 1973).  The major-element compositions of ONBs appear to be more primitive 
than QNBs, which led to proposals that the two suites are related by fractional 
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crystallization of a combination of olivine, pigeonite, and chromite.  However, for the last 
30 years there has remained a controversy as to the relationship of the basalts: Are these 
magmas related or not? 
Initial studies indicated that these chemically defined groups represent at least two 
distinct lava flows in the Hadley Rille/Appenine Front region (Apollo 15 Preliminary 
Examination Team, 1972).  Indeed, the olivine-normative basalts are likely to overlie the 
quartz-normative basalts at the Apollo 15 landing site (Wilhelms, 1984; 1987), 
suggesting an older age for the ONBs.  However, both groups have identical 
crystallization ages of ~3.3 ±0.1 Ga (Nyquist and Shih, 1992; Snyder et al., 1997; 1998).  
Snyder et al. (1998) reported an Rb-Sr isochron age for 15016 (ONB) of 3.34 ±0.03 Ga, 
and a less-precise Sm-Nd isochron age of 3.21 ±0.17 Ga.  Snyder et al. (1997) reported 
an Sm-Nd isochron age for 15475 (QNB) of 3.37 ±0.05, but did not report a reliable Rb-
Sr age.  The similar initial strontium ratios for 15016 (QNB) of 87Sr/86Sri = 0.699410 ±10 
(Snyder et al., 1998) and 15475 (QNB) of 87Sr/86Sri = 0.699365 ±10 (Snyder et al., 1997) 
support similarity in crystallization ages.  Snyder et al. (1998) stated that the older Rb-Sr 
age for 15016 does not allow an unequivocal separation of ages between ONBs and 
QNBs and suggested these basalt types were essentially contemporaneous.  
However, there has been controversy in the literature regarding the petrogenetic 
relationships between these groups and their origin within the lunar mantle (Rhodes and 
Hubbard, 1973; Chappell and Green, 1973; Lindstrom and Haskin, 1978; Vetter et al. 
1989).  In general, major-element compositions are compatible with olivine fractionation, 
whereas the whole-rock incompatible-trace element compositions show a much greater 
variation than can be accommodated by reasonable amounts of olivine fractionation.  
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However, many of the whole-rock, trace-element trends are similar in both rock types: 
the rare-earth elements (REE), Hf, and Sm/Eu values all increase with decreasing Mg# 
(Fig. 1).  Some differences do occur, made evident by the QNBs, such as decreased Sc 
concentrations with decreasing MgO.  However, one of the largest data sets (Vetter et al. 
(1989) for QNBs is on small rake samples that have clearly experienced sampling-size 
problems, as noted by Ryder and Steele (1988) and Ryder and Schuraytz (2001).  The 
sample-size problem relates to the grain size and mass of sample analyzed.  To overcome 
this issue, Ryder and Schuraytz (2001) recommended up to 5g sub-samples would be 
required for a thorough reanalysis the Apollo 15 sample suite, undertaken to understand 
the nature and causes of petrologic dispersion in these rocks.  This was not carried out as 
planned due to the untimely death of Graham Ryder. 
The present study addresses the relationship of Apollo 15 olivine- and quartz-
normative basalts using the major- and trace-element chemistry of the individual 
minerals.  This methodology utilizes electron microprobe and laser-ablation inductively-
coupled-plasma mass-spectrometry and does not rely on possibly erroneous whole-rock 
data, although some comparisons are drawn with these data.  With this new data set, the 
causes of chemical dispersion within, and the relationships between, the Apollo 15 
olivine-normative and quartz-normative basalts are explored.  Preliminary results of this 
study have been presented at the Meteoritical Society Annual Meeting and the Lunar and 
Planetary Science Conference (Schnare et al., 2005, 2006). 
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 Figure 1. Whole-Rock Data Element Variation Diagrams.  Open symbols are QNBs.  
Closed symbols are ONBs.  Circles - Day et al. (2006); Triangles - Ryder & Steele 
(1988); Squares - Shervais et al. (1990); Diamonds - Vetter et al. (1988); Inverted 
Triangles - Rhodes and Hubbard (1973); Stars - Ryder and Shuraytz (2001); Hexagons - 
Chappell and Green (1973). Arrows indicate concurrent trends.  After Vetter et al. 
(1993). 
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II.  Analytical Methods 
   Modal abundances of minerals were determined on four polished thin sections 
(15016,10; 15555,257; 15475,147; 15499,125), using the Feature Scan Phase 
Distribution software package of an Oxford instrument energy dispersive spectrometer 
(EDS) interfaced to the CAMECA SX-50 electron microprobe (EMP) at the University of 
Tennessee.  Modal analysis acquisition was performed using an accelerating potential of 
15 keV, a 4 nA beam current, and 70 ms count times sampling every 8 µm (Taylor et al., 
1996). 
Four polished thick sections (15016, 221a; 15555, 955a; 15475, 174a; and 15499, 
154a; the ‘a’ indicates they are in-house made thick sections) were prepared from larger 
sub-samples, provided by NASA’s allocation committee.  Mineral major-element 
compositions were determined using an automated CAMECA SX-50 electron 
microprobe analyzer (EMP) at the University of Tennesee.  Mineral compositions were 
determined in wavelength dispersive spectral (WDS) mode with the EMP using an 
accelerating potential of 15 keV, 20 nA beam current, 1 µm beam size, peak and 
background counting times of 20-30s and standard ZAF (PAP) correction procedures.  
WDS counting times were generally 20s for all elements.   Detection limits (3σ above 
background) are typically <0.03 wt. % for SiO2, TiO2, Al2O3, MgO, CaO, Na2O, K2O, 
and Cl, <0.05 wt. % for Cr2O3, MnO, FeO, P2O5 NiO, and Co, and <0.05–0.1 wt% for all 
other oxides and elements listed.  
Minerals within polished thick sections (i.e., polished sections ~ 150 µm thick) 
were analyzed initially by EMP and subsequently for their trace-element abundances by 
laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-MS) at the 
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Australian National University, Canberra.  I performed the analyses using an Excimer 
(193nm wavelength) laser-ablation system attached to an Agilent 7500 ICP-MS. 
Analytical procedures and data reduction generally followed those described by Norman 
et al. (1996).  Trace-element abundances were determined on individual spots using a 54 
µm-diameter laser beam and a laser repetition rate of 5 Hz.  Ablation was conducted 
under a helium atmosphere to enhance production of fine aerosols and the ablated sample 
mixed with argon prior transport to the ICPMS.  Each analysis consisted of 60 seconds of 
data collection.  Backgrounds on the ICPMS sample gas were collected for 
approximately 20 seconds followed by approximately 40 seconds of laser ablation of the 
sample.  Data were collected in time-resolved mode so that effects of inclusions, mineral 
zoning, and possible penetration of the laser beam to underlying phases could be 
evaluated for each analysis.  Plots of counts per second versus time were examined for 
each analysis and integration intervals for the gas background and the sample analysis 
were selected manually.  Each LA-ICP-MS analysis was normalized to a major-element 
oxide, measured by EMP, as an internal standard to account for variable ablation yield 
(CaO for pyroxene, plagioclase, and melt; MgO for olivine; TiO2 for spinels and 
ilmenite).  Analyses of mesostasis, thought to represent quenched residual melt, in 
sample 15499 were performed with an 86 µm-diameter laser beam size and rastering the 
sample beneath the laser beam.  For all data, the NIST 612 glass standard was used for 
calibration of relative element sensitivities using values given by Norman et al. (2004).  
Replicate LA-ICP-MS analyses of the USGS basaltic glass standards BCR-2G, BHVO-
2G, and BIR-1G (Table A1), run at intervals during analysis, yielded an external 
precision of 1-4% (1σ relative standard deviation) for all trace- and major-element 
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compositions (with the exception of Fe = ~7%). Detection limits calculated according to 
the procedures of Longerich et al. (1996) were 1-30 ppb for Sr, Y, Nb, Ba, La, Ce, Pr, Eu, 
Tb, Ho, Lu, Ta; 2-50 ppb for Er, Th, U; 10-40 ppb for Zr; 7-80 ppb for V, Nd, Dy, Hf; 7-
100 ppb for Gd, Yb; 15-170 ppb for Rb, Sm; 15-300 ppb for Sc; 20-265 ppb for Ga; 0.06-
0.58 ppm for Sc; 0.04-0.7 ppm for Ni; and 0.18-2.7 ppm for Cr. 
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III.  Results 
Petrography and Mineral Major-Element Chemistry 
 The petrography and mineral chemistries of ONB and QNB samples analyzed 
during the course of this study are herein summarized. Modal data, petrography and 
major-element compositions and representative mineral EMP analyses for these samples 
are presented in Tables 1-3. 
 
Olivine-Normative Basalts 
Two medium-grained olivine-normative basalts, 15016 and 15555, were selected for 
analysis in this study (Fig. 2).   Modal data of all rocks are presented in Table 1.  Sample 
15555 is both the largest and most intensively studied of the Apollo 15 rocks.  The 
petrography and major-element compositions are summarized in Table 2.  In short, 15016 
has a subophitic texture, and 15555 has a plagioclase-poikolitic texture.  Both samples 
contain olivine, pyroxene, and plagioclase as major silicate minerals.  Representative 
mineral EMP analyses for these samples are presented in Table 3.  In addition to the 
major silicate minerals, these rocks contain minor amounts of ilmenite, spinel, troilite, 
FeNi metal, merrillite, and tridymite.  Sample 15555 also contains minor amounts of 
fayalite, as a late-stage crystallization product.  The crystallization sequence of both rocks 
is:  chromite → chromite + olivine → olivine + pyroxene + ulvöspinel → pyroxene + 
plagioclase + ilmenite.  This crystallization sequence was determined from petrographic 
textural evidence and experimental crystallization studies on starting liquids of ONB 
composition (Walker et al., 1977; Bianco and Taylor, 1977; Ryder, 1985).  Pyroxenes 
range from low-Ca (Wo11) pigeonites  to high-Ca (Wo41) augites (Fig. 3). 
Table 1: Modal Analyses of Apollo 15 Mare Basalts   
Samples 15016, 10 15555, 257 15475, 147 15499, 125 
volume % ONB    ONB QNB QNB
Pigeonite    39.1 31.1 36.0 44.9
Plagioclase     
     
   
  
  
    
    
    
    
     
     
  
    
20.9 23.7 30.2 13.1
Clinopyroxene 18.5 21.3 18.4
 
31.5
Olivine 14.5 14.7 0.6 1.9
Fe-Px 1.3 0.8 5.3 4.3
Fayalite 0.8 2.5 <0.1 <0.1
Ilmenite 1.9 1.8 1.0 0.6
K-glass <0.1 0.5 0.2 0.1
FeNi Metal/Troilite 
 
0.2 0.2 0.2 0.1
Chromite 0.6 0.3 0.2 0.4
Ulvöspinel 1.7 1.7 0.7 1.3
Phosphate 0.2 0.3 3.6 0.1
Silica 0.3 1.3 3.6 1.8
 100 100 100 100
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Table 2. Petrography and  Major-Element Mineral Chemistry Summary 
 
   
  Whole-Rock  Textures/Features Chromite** Olivine Pyroxene Plagioclase
  
MgO (wt. 
%)*           
15016  12.3
ophitic-
subophitic 
Cr # = 69-
72 Fo62-16 Wo9-30En12-58 An89-An94
    (0.1 to 0.5 mm) (0.2 to 2 mm) (0.2 to 2 mm) 
15555   
     
   
    
 
11.7 plagioclase-
Cr # = 64-
74 Fo61-26 to Fayalite (Fo1.2) Wo11-42En2-59 An87-An93
  poikolitic  (0.2 to 1 mm) (0.2 to 2 mm) (0.2 to 4 mm) 
15475 10.6 subophitic
 
__ __ Wo5-33En0.5-69 An84-An93
__ (0.5 up to 2 mm) (1 to 2 mm) 
15499 7.9 Vitrophyric Fo69-44 Wo5-39En13 -67 __ 
    Skeletal Px  
Cr #= 70-
76 (0.5 to 1 mm) 
 
(0.5 to 1 cm) 
 
__ 
*from Day et al. (2006), solution ICP-MS analyses. 
**Cr#=100*(Cr/(Cr+V+Al))     
 
 
Table 3. Representative EMP Data for Minerals     
Phases:   Pyroxene     Fe-Px     Olivine   
Sample: 15106 15555 15475 15499 15475 15475 15475 15106 15555 15499 
                
SiO2  52.3 51.5 51.5 52.3 45.9 46.2 46.5 35.8 35.8 35.9 
TiO2  0.37 0.46 0.35 0.38 0.43 0.40 0.38 <0.05 <0.05 <0.05 
Al2O3  0.99 0.90 1.37 1.60 0.34 0.32 0.26 __ __ __ 
Cr2O3  0.44 0.46 0.70 1.01 <0.05 <0.05 <0.05 0.35 0.20 0.31 
MgO  19.9 18.3 19.7 21.8 1.13 2.25 1.62 29.0 29.0 29.5 
CaO  5.59 5.04 6.03 4.04 5.43 5.53 5.95 0.32 0.35 0.36 
MnO  0.40 0.44 0.35 0.28 0.53 0.64 0.57 0.29 0.36 0.29 
FeO  19.7 22.0 19.3 18.4 45.9 44.0 44.6 34.1 33.5 33.4 
Na2O  <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 __ __ __ 
V2O3  __ __ __ __ __ __ __ <0.03 <0.03 <0.03 
                
Total  99.7 99.1 99.3 99.8 99.7 99.3 99.8 99.8 99.2 99.7 
                
Mg#   64.3 59.8 64.5 67.9 4.17 8.32 6.08 60.2 60.7 61.1 
               
Phases: Plagioclase Ulvöspinel     Chromite 
Sample: 15016 15555 15475 15016 15555 15475 15555 15016 15555 15499 
wt%                
SiO2  47.1 46.5 46.6 0.05 <0.03 <0.03 29.0 0.06 0.08 <0.03 
TiO2  __ __ __ 31.9 27.9 32.4 0.13 3.89 4.81 2.47 
Al2O3  32.3 33.0 32.8 1.83 3.53 1.78 __ 11.3 10.8 11.4 
Cr2O3  __ __ __ 3.01 12.2 0.51 0.01 46.5 45.1 51.8 
MgO  __ __ __ 0.12 1.83 0.14 0.55 1.00 1.01 7.23 
CaO  17.9 18.1 18.1 0.07 <0.03 0.03 0.79 <0.03 0.08 0.05 
MnO  __ __ __ 0.31 0.24 0.31 0.75 0.24 0.27 0.20 
FeO  0.67 0.80 0.57 61.8 53.1 64.0 67.7 35.2 36.5 24.8 
Na2O  1.08 1.08 1.14 __ __ __ __ __ __ __ 
V2O3  __ __ __ 0.30 0.47 0.23 <0.03 0.84 0.86 1.18 
K2O  0.04 0.04 0.04 __ __ __   __ __ __ 
                 
Total   99.0 99.5 99.2 99.4 99.3 99.4 98.9 99.1 99.4 99.1 
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 Figure 2. Back-Scattered-Electron (BSE) Iimages of the Four Thick-Sections of Apollo 
15 Basalts.  Vitrophyric 15499 contains pyroxene phenocrysts and olivine xenocrysts in a 
quenched matrix.  Dark phases are plagioclases, gray areas are pyroxene and olivine, and 
light-colored phases are spinel, ilmenite, troilite, and FeNi metal.  Pyroxene 
quadrilaterals (from Fig. 3) are inset to highlight degrees of pyroxene chemical variability 
and zonation. 
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Figure 3. Pyroxene-Quadrilaterals and Olivine and Plagioclase Histograms for ONBs and 
QNBs.   For all but 15499, pyroxene compositions show fractionation from high-Mg, 
low-Ca cores to Fe-rich rims.  Note that 15475 contains no olivine, and 15499, a 
vitrophyre, has not crystallized plagioclase phenocrysts, but has plagioclase in its matrix.  
Lines shown are fractionation trends from Ryder (1985).  Previous data from Ryder 
(1985) are plotted as fields. 
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Quartz-Normative Basalt 
The QNBs include samples 15475, a coarse-grained pigeonite-porphyritic basalt, 
and 15499, a vitrophyric basalt.  The petrography and major-element compositions are 
summarized in Table 2.   The main silicate phases for these basalts are pyroxene and 
plagioclase in 15475 and pyroxene in 15499.  Representative mineral EMP analyses for 
these samples are presented in Table 3.  Basalt 15475 contains minor amounts of 
ilmenite, spinel, troilite, FeNi metal, merrillite, and silica.  The wide range of pyroxene 
compositions present in 15475 records an extensive fractionation sequence (Fig. 3).  The 
crystallization sequence of 15475 is pyroxene → plagioclase → ilmenite (Grove, 1977).  
The opaque minerals first appear with pyroxene and follow the sequence chromite→ 
ulvöspinel→ ilmenite.  Ilmenite began crystallizing after plagioclase started, and ended 
prior to the cessation of pyroxene growth (Engelhardt, 1979).   
An interesting feature of vitrophyre 15499 is that, unlike 15475, it contains zoned 
olivine phenocrysts and euhedral chromite (Fig. 4), often trapped within the cores of 
pyroxenes.  The zoned olivine is grossly out of equilibrium with the melt, evidenced by 
its high Fo-contents.  Pyroxenes lack significant major-element zoning, a feature 
expected if they crystallized quickly.  Also present are tridymite and small (<0.3 mm 
long-axis) plagioclase laths within the fine-grained matrix.  The determined 
crystallization sequence is olivine → olivine + pigeonite → pigeonite + augite -> augite + 
plag (Bence and Papike, 1972).  The pyroxenes in 15499 show no exsolution; 
phenocrysts are well-developed with no evidence for resorption, consistent with a late-
stage quench (Bence and Papike, 1972).  Steady increase in Al2O3 (to ~10 wt. %) in the 
rims of pyroxene phenocrysts (Fig. 5), 
 14
 Figure 4.  Cr-Al-2Ti Diagram for Spinels from these Apollo 15 Basalts.  Envelope of 
spinel data from mare basalts is from El Goresy (1976).   A characteristic mare basalt gap 
exists between ulvöspinel and high-Al chromite populations. 
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 Figure 5.  Plot of Ti vs Al for Pyroxenes in the Samples Analyzed.  Note the 1:6 
relationship of 15499 pyroxenes, a result of the sample being quenched.  The trend line is 
that of standard pyroxene crystallization, free of resorption. 
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(Bence and Papike, 1972) indicates that plagioclase did not precipitate until the 
phenocrysts stopped crystallizing, and then only as minute crystals in the matrix (Ryder, 
1985). 
 
Trace-Element Mineral Chemistry 
Pyroxene 
LA-ICP-MS data for pyroxenes from the four Apollo 15 thick-sections analyzed 
during the course of this study are presented in Table 4.  Pyroxene rare-earth-element 
(REE) profiles, normalized to CI chondrite have convex-upward, sub-parallel patterns, 
large negative Eu anomalies, and increasing REE abundances with Fe-enrichment (Fig. 
6).  Excluding a few high-REE content pyroxenes from sample 15475, pyroxenes 
contain, in ppm, La (0.008 - 1.48), Ce (0.02 - 4.27), Pr (0.008 - 0.819), Nd (0.052 - 5.5), 
Sm (0.045 - 2.65), Eu (0.011 - 2.62), Gd (0.102 - 4.25), Tb (0.030 - 0.833), Dy (0.227 – 
5.72), Ho (0.066 – 1.23), Er (0.171 – 3.32), Yb (0.212 – 3.44), Lu (0.04-5.44 ppm).  
Scandium content in pyroxene (21.6-168 ppm) tracks fractionation (Fig. 7a).  In 
particular, pyroxenes within 15475 follow their major-element fractionation trend seen in 
Figure 3.  Additional elements track fractionation to some degree and have wide ranges 
such as Co (7.7 - 140 ppm), Ni (0.3 - 63.7 ppm), and Sr (0.2 - 22 ppm). A plot of La/Sm 
versus La/Yb for pyroxenes (Fig.7b) serves to illustrate that variation in slope of the rare-
earth-elements follows a constant trend, one that is nonspecific to either group.  Olivine- 
and quartz-normative basalts possess similar ranges in (La/Yb)n = 0.02-0.46 and 0.02-
0.57, respectively, (La/Sm)n = 0.04-0.46 and 0.05-0.50, respectively, and (Sm/Yb)n 
Table 4: Trace-Element Data from LA-ICP-MS Analyses of Major Silicate Phases             
Sample  15016       15555     15475   15499 
Phases Pyroxene           Olivine Plagioclase  Pyroxene Olivine Plagioclase  Pyroxene Plagioclase  Pyroxene Olivine
p.p.m.                  
Sc              31.1 9.6 2.91 39.8 10.9 3.5 49.9 2.81 49.8 9.96
Ti              1729 224 321 2610 248 373 2267 266 2326 147
V              166 63 2.16 162 71.1 0.842 280 3.43 345 91.9
Cr              2473 1178 5.31 2714 1507 2.41 3998 9.01 6526 2588
Mn              2183 2646 69 2605 2348 70.4 2060 83.2 2314 2038
FeO              16.5 34.5 0.562 20.8 31 0.599 16.7 0.735 19.7 27.7
Co              38.9 104 1.03 49.4 107 1.44 34.7 0.861 54.1 114
Ni              16.5 124 0.351 17.1 112 <0.386 5.38 0.423 23.1 203
Ga              0.36 0.07 8.48 0.45 <0.053 10.7 0.597 7.15 0.653 <0.063
Rb              <0.027 <0.038 <0.075 <0.066 <0.044 0.177 <0.039 <0.123 <0.048 <0.033
Sr              0.39 0.0063 277 0.546 <0.0060 385 1.13 260 0.407 <0.0077
Y              2.22 0.78 0.2 3.13 0.258 0.237 4.29 0.212 4.01 0.223
Zr              0.91 0.076 0.109 1.21 0.064 <0.028 2.3 <0.026 2.37 0.094
Nb              0.024 0.015 0.017 0.026 0.015 <0.013 0.048 0.012 0.069 0.024
Ba            0.0048 <0.0076 19.7  <0.0052 <0.0060 34.1 0.075 19.4 <0.013 <0.0062
La             0.0093 <0.0069 0.237 0.01 <0.0081 0.345 0.035 0.241 0.016 <0.0072
Ce              0.048 <0.0063 0.534 0.062 <0.0038 0.785 0.181 0.581 0.09 <0.0067
Pr              0.015 <0.0073 0.074 0.017 <0.0060 0.088 0.044 0.078 0.025 <0.0056
Nd              0.133 <0.020 0.25 0.167 <0.048 0.354 0.34 0.354 0.21 <0.043
Sm              0.071 <0.030 <0.090 0.106 <0.038 <0.091 0.226 <0.072 0.178 <0.030
Eu           0.014 <0.0061 1.7 0.014 <0.011 2.42 0.027 1.51 0.014 <0.011
Gd              0.227 <0.029 <0.083 0.302 <0.033 <0.085 0.503 0.066 0.346 <0.044
Tb              0.049 0.01 <0.014 0.065 <0.0078 <0.029 0.093 <0.012 0.086 <0.0064
Dy              0.39 0.114 0.045 0.507 0.031 0.082 0.747 <0.054 0.666 <0.024
Ho              0.095 0.019 <0.014 0.13 0.0084 <0.027 0.162 <0.014 0.154 <0.0053
Er              0.26 0.094 <0.045 0.363 <0.020 <0.035 0.481 <0.041 0.44 0.029
Yb             0.401 0.157 <0.062 0.388 0.05 <0.082 0.494 <0.050 0.504 0.084
Lu              0.061 0.022 <0.017 0.064 0.012 <0.015 0.073 <0.016 0.095 0.017
Hf              0.076 <0.016 <0.036 0.057 <0.013 <0.051 0.117 <0.037 0.121 <0.017
Ta              0.005 <0.0060 <0.010 <0.0050 <0.0069 <0.015 <0.0083 <0.017 <0.0071 <0.0081
Th             <0.0076 <0.011 <0.015 <0.0065 <0.0088 <0.033 <0.013 <0.022 <0.024 <0.017
U <0.0059 <0.0068 <0.011   <0.0089 <0.0067 <0.023   <0.0058 <0.020   <0.0075 <0.0089 
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 Figure 6. Rare-Earth-Element Plot for Pyroxenes Analyzed in this Study. 
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 Figure 7.  Trace-Element Variation Diagrams for Pyroxene.  a) A plot of Sc vs Mg# for 
pyroxenes shows two fractionation trends.  In 15475 the trend tracks long-term depletion 
in Sc; in 15499 the trend is due to rapid quenching.   b) Plot of La/Sm vs La/Yb for 
pyroxenes shows that there is little difference between slope variations on REE element 
plots for these pyroxenes, suggesting similarities between the basalt types. 
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= 0.08-0.95 to 0.23-1.49.   Discounting the maximum ratio from Fe-rich pyroxenes from 
QNBs further tightens ranges such as (Sm/Yb)n to 0.23-1.20.   
 
Plagioclase, Olivine, and Spinel 
Plagioclases have relatively flat LREE patterns, with positive europium anomalies 
(0.82 – 3.4 ppm) (Fig 8).  Many HREEs are below detection limits.  As expected from 
studies of REE behavior (see Jones (1995) for a comprehensive review), REE contents 
increase with decreasing anorthite content of the plagioclase.  Plagioclase contains 136 - 
500 ppm Sr, 10 -56 ppm Ba, and 4.2 – 13.3 ppm Ga.  Many trace-elements in olivine and 
spinel are below detection limits.  Olivines, including those from quartz-normative basalt 
15499, have trace-element correlations with vanadium (28 -136 ppm) and chromium (675 
- 6050 ppm) consistent with fractional crystallization (Fig. 9).  Olivines also contain 33.8 
– 203 ppm Ni, 86 – 148 ppm Co, and 8 – 44 ppm Sc.  Most spinels analyzed have 
detectable contents of Sr (1.3-2.25 ppm), Y (0.2-0.4 ppm), Zr, Nb, Lu, Hf, and Ta, with 
the exception of the 15499 chromites, which do not have appreciable contents of Lu, Hf, 
and Ta.  In ulvöspinels, Nb/Ta ranges from 17 to 25.  In general, the high-field-strength 
elements (HFSEs) are enriched relative to the REEs.  The apparent enrichment in 
strontium may be due to the presence of small plagioclase inclusions. 
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 Fig. 8. Rare-earth-element concentrations for plagioclase.  REE contents increase with 
decreasing anorthite content. 
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 Figure 9.  Element Variation Diagrams for Olivine.  Trace-elements are consistent with 
melt evolution. 
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Quenched Melt 
The quenched-melt martix of QNB 15499 was anlayzed for its trace-element contents by 
LA-ICP-MS (Figure 10).  This evolved melt contains enriched REE contents on the order 
of: La (10 – 20 ppm), Ce (27 – 53 ppm), Pr (3.8 – 7.5 ppm), Nd (20 - 37ppm), Sm ( 6 - 11 
ppm), Eu (1.7 – 2 ppm), Gd (7.5 - 13 ppm), Tb ( 1.3 – 2.1 ppm), Dy (7.9 – 12.8 ppm), Ho 
(1.6 – 2.6 ppm), Er (4.2 – 6.5 ppm), Yb (3.7 – 5.6 ppm), and Lu (0.5 – 0.7 ppm).   These 
quenched-melt compositions can be used in conjunction with pyroxene rims to estimate 
an evolved melt composition for basalt 15499. 
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 Figure 10.  Quenched Matrix Rare-Earth-Element Plot.  Rare-earth-element 
concentrations normalized to chondrite for multiple analyses on the quenched matrix of 
quartz-normative mare basalt 15499. 
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IV.  Discussion 
The control of mineral fractionation on inter-suite chemical variations and 
chemical trends is a well known phenomenon in many planetary magmatic settings.  On 
the basis of the new data presented here, this process has been significant in the 
petrogenesis of Apollo 15 low-Ti basalts.  In the following discussion, this important 
petrologic process in understanding the relationship between ONBs and QNBs is 
considered. Furthermore, to establish a relationship between the ONBs and QNBs, 
modeled parental melts using distribution coefficients and whole-rock compositions 
determined by modal recombination are compared. 
 
Mineralogic Controls on Inter-Suite Variations 
Mineral major- and trace-element data for the ONBs are qualitatively consistent 
with simple fractional crystallization.    In olivine, the trace-elements chromium, nickel, 
and vanadium, all decrease in concentration with decreasing Mg#, which is used as a 
fractionation indicator (Fig. 9).  Because of the lack of olivine in most QNBs, we 
consider pyroxene in both suites to provide direct comparisons of fractionation trends 
within ONBs and QNBs.  The pyroxene-compatible trace-element scandium also follows 
expected fractionation trends (Fig. 7a).  The REE contents of pyroxenes in both suites are 
generally sub-parallel (Fig. 6), and the slopes of the REE elements follow a similar 
trends, demonstrated by a plot of La/Sm versus La/Yb (Fig. 7). All increases in 
LREE/HREE and incompatible trace-element ratios are also consistent with 
crystallization from an increasingly fractionated or evolved residual melt.  (La/Yb)n, 
(La/Sm)n, and (Sm/Yb)n ratios in pyroxene cover nearly the same ranges and suggest that 
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on the basis of REE content in pyroxene, there is no significant difference in REE content 
in pyroxene  within, or between, the ONB and QNB lavas. 
 
Determination of Parental Melt Compositions 
Modal Recombination 
The whole-rock REE compositions of the Apollo 15 mare basalts studied herein 
have been calculated by modal recombination and are presented in Figure 11.  Modal 
recombination of vitrophyric sample 15499 was not possible because the elevated REE 
contents in the constituent phases of the quench material can not be accurately accounted 
for.  In addition, thin section 15475, 147 has a high apparent concentration of phosphates 
(3.6%) uncharacteristic of the sample as a whole.  We have used a value of 0.26% 
phosphates for 15475 in the calculation, the value from 15555, because both samples 
have near identical calcium and phosphate contents.  The calculated whole-rock REE 
contents of both the ONBs and the one QNB are near-identical, as are the whole-rock 
compositions determined by ICP-MS (Day et al. 2006), (Fig. 11, and Table 5).  Both the 
calculated and determined compositions are similar in abundances and sub-parallel in 
patterns to each other.  One notable feature is the pronounced negative europium anomaly 
in the calculated compositions, probably because of some trace Eu-containing phases 
involved in the calculation.  The similarities of the calculated whole-rock trace-element 
data for these ONBs and QNBs further suggest that these groups are likely related.  
Relative abundances of the REE and subtle differences in the REE patterns (e.g., slight 
enrichment in LREE in the QNBs) are qualitatively consistent with a fractional 
crystallization relationship. 
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Figure 11.  Modal Recombination Results.  Whole-rock REE/CI calculated values (open 
circles) plotted for comparison with Whole-rock REE/CI obtained by solution ICP-MS 
(Day et al., 2006). 
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Table 5. Normalized Parental Melts and Measured Whole-Rock Compositions       
  Whole-Rock*      Parental Melts     
          15016 15555 15475 15499   15016 15555 15475 15499
ppm           
La           
           
           
           
           
           
           
           
           
           
           
           
             
      
19.92 29.03 21.04 18.30 19.81 21.30 74.56 34.09
Ce 20.94 30.11 22.00 19.62 19.89 25.70 75.02 37.30
Pr 22.54 32.11 23.79 21.58
Nd 22.78 31.21 23.06 21.19 15.47 19.43 39.56 24.43
Sm 22.13 28.15 22.32 20.87 15.57 23.25 49.56 39.03
Eu 15.44 16.57 14.23 13.41 15.63 15.63 30.13 15.63
Gd 21.59 27.53 21.84 20.49 26.85 35.72 59.50 40.93
Tb 21.14 25.19 20.94 19.42
Dy  19.17 22.74 18.91 17.56
Ho 17.47 20.25 16.62 15.66
Er 15.77 18.15 14.78 13.70
Yb 14.14 16.10 13.02 11.87 18.98 18.37 23.38 23.86
Lu 14.44 16.26
 
13.29 12.08 19.31
 
20.26 23.11 30.07
*Source: Day et al. (2006)
 
 
 
 
 
 
Partition Coefficients 
The REE compositions of individual augite cores in these Apollo 15 mare basalts 
can be used to estimate compositions of their parental liquids because these rocks cooled 
quickly, and the cores have not re-equilibrated (evidenced by Fig. 5 – the pyroxenes show 
pure crystallization trends on a plot of Ti versus Al.).  We have calculated the parental-
melt REE compositions of these pyroxenes by inverting LA-ICP-MS data of the most 
primitive pyroxenes using the experimentally derived distribution coefficients (D = 
min/melt) of McKay et al. (1986), and a DEu value estimated graphically from McKay et 
al. (1991).  These D values have been regularly used on lunar rocks in such studies as 
Anand et al. (2006).  Choosing a good set of distribution coefficients is always 
complicated (cf., Jones (1995)), as D values vary based on a number of factors, including 
but not limited to temperature, pressure, mineral, and melt compositions.  The D values 
used are La = 0.002, Ce = 0.004, Nd = 0.019, Sm = 0.031, Eu = 0.016, Gd = 0.043, Er = 
0.092, Yb = 0.13, Lu = 0.13.  These D values were selected because they were 
determined for low oxygen fugacity (~ IW) and Wo12 pyroxenes, similar to those found 
in the Apollo 15 basalts.  The average Wo content of the pyroxenes compositions 
inverted is ~11 %.  The primitive pyroxene compositions used for the inversion, along 
with their respective calculated parental melts, are presented in Figure 12.   
The parental-melts calculated by this method have REE contents similar to but 
slightly elevated above their whole-rock compositions.  Offsets between the parental 
melts calculated from pyroxenes and the measured whole-rock compositions, suggest that 
either the whole-rock compositions do not represent melts or the D values are somewhat 
in error.  
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 Figure 12.  Rare-Earth-Element Diagram for Parental Melts.  Rare-earth-element contents 
normalized to chondrite (using Anders and Grevesse, 1989) for Wo12 pyroxenes, 
equilibrium parental melts calculated from those pyroxenes, data from a raster analysis of 
the 15499 quench matrix, and the whole-rock data-field range (gray envelope) for all four 
samples.  
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Problems associated with D values have been noted above.  Olivine-pyroxene 
accumulation would reduce the REE content of the bulk rock relative to the calculated 
melt composition, and its effect on the whole-rock compositions cannot be discounted.  
The QNB calculated parental melts possess higher REE contents than do the ONBs.  This 
is supporting evidence, albeit qualitative, for a hypothesis that the QNBs represent higher 
degrees of fractionation products from parental melts that are almost identical to olivine-
normative basalts.  In addition, data from a raster (essentially moving the laser along the 
sample) analysis (Fig. 13) performed on the quenched matrix in sample 15499 plots 
above the equilibrium melts and whole-rock data in Figure 12.  This is consistent with 
enrichment of incompatible trace-elements concentrated into the residual melt of the 
15499 melt as it crystallizes out pyroxene phenocrysts and subsequently is quenched.  
The results here suggest that the ONBs and QNBs are indeed directly related from a 
trace-element perspective. 
 
Calculated Evolved Parental Melts 
 Following the same method as discussed above, evolved melts have been 
calculated using D values from McKay et al. (1986) but for Wo32 pyroxenes.  These 
evolved melts and the pyroxenes used in the calculations are presented in Figure 14.  The 
REE patterns of the calculated evolved melt are flatter than the least evolved calculated 
melts (Fig. 12).  The absolute abundance differences between the melts from each rock 
are partially due to the Wo-contents of the pyroxenes not being exactly Wo32.   In 
general, the evolved compositions have higher abundances of HREEs and lower LREEs,  
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 Figure 13.  Photomicrograph of QNB 15499.  This shows the area of raster analysis of the 
quenched matrix. 
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Figure 14.  Rare-Earth-Element Diagram for Evolved Melts.  Plotted are rare-earth-
element concentrations for ~Wo32 pyroxenes, the evolved melts calculated from those 
pyroxenes, and the parental melts calculated above (gray field). 
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compared to the calculated parental melts (Figure 12), consistent with melt evolution.  
Abundances of LREEs in the evolved melts may be underestimated due to co-
competition with phosphate crystallization.  The close correspondence between the 
calculated melt and measured whole-rock composition is consistent with all samples 
representing melt compositions. This argues against an accumulation model such as the 
one proposed above to explain the disparities between bulk-rock analyses and calculated 
whole-rock compositions. 
 
Distribution Coefficients from Rim-Melt Compositions 
 Distribution coefficients have been determined for sample 15499 for a range of 
elements.  They are calculated for each element as:  D = XiMineral / XiMelt, where the 
mineral composition is that of an evolved pyroxene analyzed, and the melt composition is 
from an analysis of the 15499 quenched matrix.  Ideally, the pyroxene composition 
would be on the rim, which is the last thing in direct contact with the melt before it 
quenches.  The spot size of laser-ablation used within makes it difficult to analyze these 
small rims, but the pyroxenes in this sample are not finely zoned enough to the point 
where this becomes a problem. Distribution coefficients (D) calculated using the above 
equation where XiMelt = raster analysis composition,  are presented in Table 6, along with 
the composition of the pyroxene they were calculated from, and the experimentally 
determined D values used in this study for pyroxenes of similar wollastonite content.    
Readers are cautioned that potential kinetic effects during cooling are not addressed.  
However, these distribution coefficients could prove useful for quenched mare basalt 
studies. 
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Table 6.  Calculated Distribution Coefficients for QNB 15499                 
      Distribtuion Coefficients       Pyroxenes**      
           Experimental*
DCalc 
(D3) 
DCalc 
(D6) DCalc (D15) 
DCalc 
(D19) Pyx-D3 Pyx-D6 Pyx-D15 Pyx-D19 Raster-
     
            
Wo32 Wo34.3 Wo35.8 Wo36.2 Wo31.7 Wo34.3 Wo35.8 Wo36.2 Wo31.7 Analysis
 Co 1.563 1.809 1.540 1.679 33.6 38.9 33.1 36.1 21.5
Ni              
              
             
              
             
             
              
              
              
             
           
            
             
            
             
            
             
             
             
              
3.054 3.713 2.605 3.744 7.9 9.58 6.72 9.66 2.58
Ga
 
0.359 0.375 0.357 0.313 2.0 2.07 1.97 1.73 5.52
Sr 0.029 0.031 0.035 0.024 6.0 6.3 7.17 4.84 204
Y 0.419 0.445 0.441 0.343 20.9 22.2 22 17.1 49.9
Zr 0.165 0.164 0.174 0.129 26.4 26.3 27.9 20.7 160
Nb 0.009 0.012 0.011 0.012 0.085 0.124 0.108 0.121 10
Ba 0.000 0.000 0.001 __ 0.018 0.059 0.209 __ 142
La 0.023 0.026 0.027 0.031 0.019 0.376 0.393 0.45 0.265 14.3
Ce 0.039
 
0.051 0.056 0.059 0.038 1.930 2.11 2.24 1.44 38
Pr 0.086 0.088 0.098 0.065 0.453 0.465
 
0.518
 
0.343
 
5.29
Nd 0.104 0.130 0.137 0.137 0.094 3.450 3.64 3.62 2.49 26.5
Sm 0.17 0.223 0.234 0.253 0.174 1.780 1.87 2.02 1.39 7.99
Eu 0.16 0.081 0.075 0.080 0.066 0.153 0.141 0.151
 
0.125
 
1.88
Gd 0.2 0.336 0.351 0.356 0.251 3.220 3.37 3.41 2.41 9.59
Tb 0.374 0.398 0.398 0.310 0.609 0.649 0.649
 
0.505
 
1.63
Dy 0.397 0.426 0.431 0.343 3.870 4.15 4.2 3.34 9.74
Ho 0.436 0.462 0.450 0.355 0.863 0.915 0.891 0.702
 
1.98
Er 0.440 0.465 0.477 0.365 2.170 2.29 2.35
 
1.8 4.93
Yb 0.29 0.470 0.519 0.465 0.395 2.020 2.23 2 1.7 4.3
Lu 0.3 0.475 0.524 0.478 0.439 0.281 0.31 0.283 0.26 0.592
Hf     0.322 0.327 0.353 0.302   1.260 1.28 1.38 1.18   3.91 
* McKay et al. (1986), **All elements in ppm          
 
 
 
V.  Apollo 15 Basalt Petrogenesis: Two Magmas or Fractional-Crystallization? 
From the perspective of mineral trace-element chemistry, the contents, slopes 
(Fig. 7b), and patterns (Fig. 6) of REE in pyroxenes suggest that the ONBs and QNBs are 
similar and can be related.  Elemental trends in olivine (Fig. 9), and REE-contents of 
plagioclase (Fig. 8) support this.  Sample QNB 15499 is a puzzle, since it contains 
euhedral chromite and high-Mg olivine, yet an evolved groundmass in equilibrium with 
the whole rock.  This seems to indicate crystal accumulation (i.e., xenocrysts) prior to 
eruption and quenching.  The QNBs are definitely more evolved than the ONBs, 
suggesting a simple relationship by fractional crystallization processes.  This is evidenced 
by their general lack of olivine, extensive pyroxene major-element evolution sequence 
[from pigeonite to Fe-Px (Fig. 3)], and elevated pyroxene REE contents (Fig. 6).  
Modeling of our large trace-element mineral dataset has elaborated on the particular 
relationship between the two basalt suites (Figs. 11, 12, 14).  This modeling has shown 
these rocks to have calculated parental melt compositions, similar to their whole-rock 
compositions, to the point that, within error, both rock types are likely derived from the 
same parental magma.  Modeling of evolved melts has shown that the QNBs are then just 
a step further than the ONBs by simple fractional crystallization processes in the 
evolution of this parental melt.   
 Numerous scenarios have been put forth to explain the petrogenesis of these 
basalts (Rhodes and Hubbard, 1973; Chappell and Green, 1973; Lindstrom and Haskin, 
1978; Vetter et al. 1989).  In our scenario, olivine fractionally crystallizes in the parental 
melt and settles out, and the residual melt is tapped subsequently to form the QNBs.  
QNB 15499 is a sample that has captured some of the settling xenocrysts, but is mostly 
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composed of the QNB magma.  Initial modeling used a simplistic approach by 
subtracting out olivine (Mg# predicted by KDFe/Mg = 0.325 (from Delano, 1980)), from the 
ONB magma.  Subtraction of 5-20% of crystallizing olivine will account for all QNB 
compositions (Fig. 15).  This result was subsequently verified by running the MELTS 
modeling program of Ghiorso and Sack (1995), whereby a primitive ONB could be used 
to arrive at the QNB compositions by simple olivine fractionation.  This quantitative 
modeling is confirming evidence for the crystallization of QNB rocks from the original 
ONB magma. 
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Figure 15.  Trace-Element versus Mg# Whole-Rock Plot.  This shows the progression of 
ONBs to QNBs with removal of olivine by fractional crystallization as their common 
parental melt (represented by X) evolves. 
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VI.  What Does This Mean for Lunar Geology? 
Much has been learned about the origin and evolution of the Moon from sample 
return missions, remote-sensing, and lunar meteorite studies.  Despite all the 
accomplishments, pairing of basalts types at a single Apollo site has been a rarity due to 
the aforementioned complexities inherent to mare basalts.  Reducing these complexities 
has been made possible by advances in technology.  Here we take into account whole-
rock and mineral chemistries in conjunction with petrography.  The implication of pairing 
groups by a simple magmatic process is a direct reduction in basalt genesis complexity.   
Mare basalt samples returned in upcoming missions will be initially analyzed by methods 
unavailable 30 or 40 years prior.  It is beneficial to have a basis using these newer 
methods on planetary samples for future studies.   
Studies of this nature demonstrate that systematic, detailed analyses integrating 
petrography, major- and trace- element chemistry, and thermodynamic modeling, can 
lead to a simple solution to a complex problem.  This study began with a complex 
problem and now brings to light this central idea: Mare basalt magmatism at some sites 
clearly involves heterogeneous sources, but at others, like the Apollo 15 site, fractional 
crystallization has clearly been operative. Relationships between mare basalts, or other 
highland rocks, in new missions to the Moon could prove simpler to establish, in turn 
reducing the complexity involved in basalt petrogenesis as a whole, which reflects greatly 
on models of the Moon’s origin and evolution. 
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VII. Summary 
♦ Basalts form Apollo 15 Hadley Rille have been classified based on whole-rock 
chemistry as olivine-normative and quartz-normative basalts - ONB & QNB. 
♦ Two theories have been put forth to explain these two suites of basalts: different 
magma sources versus fractionated melts of one magma. 
♦ Major- and trace-element chemistry of minerals in these basalts provide the data 
for quantitative modeling of their parental melts. 
♦ Modeling of new data demonstrate that QNBs are single derivatives of the ONB 
magma with 5-20% olivine-fractionation - i.e., Ockham’s Razor rules again. 
♦ New analytical instrumentation developed over time allows sophisticated 
quantification and solution of old problems in lunar petrogenesis. 
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Appendices 
 
 
 
 
 
 
 
 
 
 
 
 
A-1. Standards 
Table A1. LA-ICP-MS Data for USGS Basaltic Glass Reference Materials               
   BCR-2G     BHVO-2G        BIR-1G     
               
     
       
            
               
              
               
               
             
             
               
               
             
               
               
               
               
               
               
               
               
               
               
               
 1s,     1s,     1s,  
avg n=12 %RSD
 
 PV  avg n=11 %RSD
 
 PV  avg n=12 %RSD
 
 PV
MgO 3.32 0.09 2.8 3.59 6.85 0.15 2.2 7.23 9.38 0.20 2.2 9.70
MgO 3.60 0.02 0.7 3.59 7.47 0.06 0.8 7.23 10.3 0.11 1.1 9.70
Al2O3 13.5 0.14 1.0 13.5 13.4 0.10 0.7 13.5 15.7 0.10 0.6 15.5
CaO 7.10 0.00 0.0 7.10 11.4 0.00 0.0 11.4 13.3 0.00 0.0 13.2
Sc 33.8 0.28 0.8 33.8 32.1 0.24 0.8 31.8 43.3 0.31 0.7 43.8
Ti 14292
 
249 1.7 13671  17143
 
430 2.5 16908 6041 131 2.2 6048
V 373 2.81 0.8 379 282 2.09 0.7 285 295 2.57 0.9 286
Cr 15.6 0.43 2.8 16.4 281 4.52 1.6 280 390 3.93 1.0 370
Mn 1445 60.4 4.2 1520 1253 42.6 3.4 1290 1323 42.8 3.2 1357
FeO 12.1 0.87 7.2 12.43  11.05 0.75 6.8 11.1 10.3 0.74 7.2 10.2
Co 36.8 0.52 1.4 37.7 44.5 0.60 1.3 45 54.6 0.37 0.7 53
Ni 11.9 0.27 2.3 12.8 120 4.46 3.7 120 186 2.31 1.2 175
Ga 22.0 0.24 1.1 21.9 21.1 0.20 0.9 21 15.2 0.20 1.3 15.2
Rb 47.7 0.70 1.5 46.4 9.24 0.09 1.0 9.5 0.20 0.02 12.5 0.195
Sr 335 1.24 0.4 338 394 1.66 0.4 396 110 0.67 0.6 108
Y 34.1 0.10 0.3 34.3 24.6 0.19 0.8 24.9 14.8 0.17 1.1 14.4
Zr 190 1.16 0.6 193 173 1.29 0.7 175 14.7 0.19 1.3 14.1
Nb 12.9 0.08 0.6 12.7 18.5 0.08 0.4 18.8 0.55 0.02 3.5 0.54
Ba 679 5.90 0.9 670 131 0.40 0.3 133 6.59 0.09 1.3 6.52
La 25.4 0.19 0.7 25.2 15.4 0.13 0.9 15.5 0.61 0.02 3.7 0.604
Ce 52.5 0.43 0.8 51.7 37.4 0.24 0.6 38 1.93 0.04 2.3 1.9
 
 
 50
51
              
Table A1. Continued 
 
                          
Pr 6.47 0.07 1.1 6.2 5.07 0.03 0.6 5.2 0.36 0.01 3.0 0.36
Nd               
               
               
               
               
               
               
               
               
               
               
               
               
                 
28.6 0.42 1.5 28.2 24.4 0.24 1.0 24.7 2.41 0.06 2.6 2.38
Sm 6.74 0.15 2.2 6.6 6.05 0.14 2.3 6.17 1.11 0.06 5.2 1.12
Eu 1.96 0.03 1.7 2 2.09 0.03 1.6 2.06 0.53 0.01 2.5 0.524
Tb 6.75 0.13 1.9 6.8 6.22 0.11 1.8 6.22 1.88 0.06 3.2 1.85
Gd 1.08 0.03 2.5 1.02 0.94 0.03 3.4 0.95 0.38 0.02 4.3 0.379
Dy 6.38 0.12 2.0 6.16 5.21 0.13 2.5 5.25 2.53 0.09 3.5 2.53
Ho 1.33 0.02 1.7 1.29 0.99 0.03 3.0 1 0.59 0.02 2.6 0.585
Er 3.52 0.08 2.1 3.38 2.38 0.07 3.1 2.42 1.60 0.05 3.3 1.60
Yb 3.36 0.09 2.5 3.27 1.96 0.07 3.5 1.98 1.68 0.07 3.9 1.65
Lu 0.49 0.01 2.3 0.48 0.28 0.01 3.4 0.28 0.24 0.01 4.5 0.247
Hf 4.81 0.06 1.3 4.71 4.26 0.08 2.0 4.3 0.56 0.02 3.7 0.562
Ta 0.82 0.03 3.1 0.79 1.18 0.02 2.0 1.2 0.04 0.00 10.6 0.041
Th 6.01 0.11 1.9 6.12 1.21 0.03 2.4 1.26 0.03 0.01 19.6 0.03
U 1.60 0.04 2.54 1.60 0.43 0.02 5.2 0.42 0.02 0.00 16.1 0.01
Oxides in wt%, all other data in ppm. CaO used for internal normalization of each analysis.  Preferred values (PV) are based on data for the corresponding 
rock powders (Raczek, 2001; Eggins et al. 1997; Robinson et al. 1999)         
 
 
 
 
 
 
 
A-2: Back Scattered-Electron Images 
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A-3 Mineral Data 
All elements are in ppm, All Oxides are in wt. %. 
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